Abstract: Reference charts have long been used in the medical field for quantitative clinical assessment of juvenile development by plotting distribution quantiles for a selected attribute (e.g., height) against age for specified peer populations. We propose that early stand dynamics is an area of study that could benefit from the descriptions and analyses offered by similar references for various tree measures. Reference charts provide a flexible quantitative framework that would complement traditional methods for assessing tree development. In young, mixed stands, competitive dynamics are, in part, a function of intraspecific, interspecific, and temporal variation in height development. A suite of reference charts can explicitly describe each of these, offering additional context and potentially greater insight into the complex development patterns of young trees. We illustrate this possibility and potential applications by constructing height-age reference charts for several tree species in young, mixed stands within the Missouri Ozarks.
Introduction
The development of forest stands following disturbance includes general stages described through the study of stand dynamics. The early stages of this process are complex and dynamic, including the establishment of new trees, growth rates that may vary widely across species or site conditions, and widespread mortality as trees grow and populations reduce. As a result, early stand development is commonly considered stochastic, especially before the onset of crown closure and competition mortality. Simple tools for quantitative assessment of tree and population development can improve insight into the early stages of stand dynamics and help refine silvicultural applications.
Single-cohort stands often contain mixtures of species that differ in growth rates, longevity, and other life-history traits. Both the height of a tree and relative stature among neighbors can influence growth and survival in developing stands (Assmann 1970; Oliver and Larson 1996; Weiner 1990) . It is common for performance assessments in these young stands to be conducted using qualitative or categorical metrics such as crown classes with no actual measurement of tree height. Such assessments are expedient and have proven useful for evaluating tree performance in single-cohort stands, particularly after the onset of stem exclusion (Ward and Stephens 1993 , 1994 . Though sufficient for some objectives, this level of examination may be too general to capture the nuanced ecology of early stand development.
Early in stand development, the height profile of mixed stands may exhibit turnover in species dominance (Kelty et al. 1992; Oliver and Larson 1996) . Thus, an individual's early position among neighbors may not be indicative of long-term potential due to variation in development patterns. The relative stature of a tree in a young, mixed stand is a function of intraspecific, interspecific, and temporal variation in height development. Evaluations that do not explicitly consider each of these factors could be misleading, yet foresters lack simple tools that describe expected patterns in early height development. We suggest that a suite of quantitative references could offer improved insight into developmental patterns by providing much-needed context for measured attributes that influence growth and survival.
Reference chart methodologies have long been used in the medical field for quantitative clinical assessment of human development (Quetelet 1871; Ulijaszek et al. 1998) . These charts typically include quantiles of a reference distribution plotted against age for an attribute of interest (e.g., height-age). Reference charts allow physicians to quantitatively compare the stature of an individual child at a given age with the mainstream using the distribution of statures attained by several children with similar demographics. This provides the physician valuable information to help determine if concern for irregular development is warranted (Ulijaszek et al. 1998) .
We used similar techniques to develop height-age reference charts for several tree species and present them as tools for assessing early tree performance and stand development. These charts provide an explicit description of the intraspecific and interspecific variation in height development, as well as the temporal dynamics of both. The objectives of this note are to (i) introduce reference charts as a complementary tool for performance assessments in young forest stands, (ii) describe the general process used to develop reference charts, and (iii) exhibit the potential utility of a suite of reference charts for assessing early height development. We also demonstrate how reference charts can extend the inference window of stand reconstruction techniques (i.e., stem analysis). We use early height-age data from single-cohort mixed stands in the Missouri Ozarks to illustrate the method.
Methods
Data from two long-term studies were combined to create a time series or chronosequence of height-age development in the southeastern Missouri Ozarks (ca. 37.2°N, 90.9°W). The region is predominately unglaciated, deeply dissected plateaus composed of Ordovician and Cambrian dolomites and sandstones . Average annual precipitation is 115 cm, and average annual temperature is 13.5°C (Kabrick et al. 2008) . The study sites spanned two ecological site classes: exposed (aspect: 136-315°) or protected (aspect: 316-135°) backslopes . Average site index (Quercus velutina Lam.; McQuilkin 1974) on exposed backslopes was approximately 21.0 m (±1.3 m standard deviation (SD)) and 22.0 m (±1.1 m SD) on protected backslopes.
The studies monitored stand development following clearcutting or clearcutting with reserves (≤5 m 2 ·ha −1 residual basal area). Retaining <5 m 2 ·ha −1 of residual basal area has little impact on sapling height growth in the study region (Vickers et al. 2014 ). The first study included six mixed stands across the southeastern Missouri Ozarks, each with multiple, randomly located 0.0016 ha sample plots. The second study included 18 mixed stands across the southeastern Missouri Ozarks, each with a single, randomly located 0.02 ha plot. The two studies followed slightly different height measurement protocols during the targeted first 20 years since harvest. The first study measured heights of all woody stems at 2, 5, and 10 years since harvest starting in [1973] [1974] . The second study started in 1996 and measured heights for woody stems ≥ 1 m at 3 and 8 years since harvest and all woody stems at 16 years since harvest. We combined the height measurements from years 2, 5, 10, and 16 to provide four nontruncated height-age measurements. Stems with a diameter at breast height (dbh) > 6.3 cm at year 2 or 3 were considered residuals and removed from analyses.
Peer group selection is important for meaningful assessments of development. Just as gender and other attributes are often used in human assessments, we delineated two simple peer group categories along basic determinants of tree height: site-class groups and site class -species groups. The site-class groups used tree height measurements for all woody stems on an ecological site class (exposed or protected backslopes) as a reference distribution. The site class -species groups used height measurements for a species group (described below) on an ecological site class as a reference distribution.
Seven genera or subgenera species groups were identified: (1) red oaks (Quercus rubra L., Quercus velutina Lam., Quercus coccinea Münchh.), (2) white oaks (Quercus alba L., Quercus stellata Wangenh., Quercus muehlenbergii Engelm.), (3) hickories (Carya tomentosa Sarg., Carya glabra Mill., Carya ovata (Mill.) K. Koch., Carya texana Buckley, Carya cordiformis (Wangenh.) K. Koch.), (4) sassafras (Sassafras albidum J. Presl.), (5) blackgum (Nyssa sylvatica Marsh.), (6) dogwood (Cornus florida L.), and (7) maples (Acer rubrum L., Acer saccharum Marsh.). An eighth group (other species) was comprised of species that had insufficient representation to stand alone but were not included in previous groups: Amelanchier arborea F. Michx., Carpinus caroliniana Walter, Celtis spp., Cercis canadensis L., Corylus americana Marshall, Crataegus spp., Diospyros virginiana L., Fraxinus spp., Gymnocladus dioicus (L.) K. Koch., Juglans nigra L., Juniperus virginiana L., Morus spp., Pinus echinata Mill., Platanus occidentalis L., Prunus spp., Rhamnus caroliniana Walter, Rhus spp., Sideroxylon lanuginosum Michx., Ulmus spp., and Viburnum spp. The number of trees sampled in each species group, site class, and age is provided in Tables 1-3. The objective of our statistical analyses was to estimate longitudinal height-age quantiles for the various peer groups. Given the relatively sparse measurement intervals of our dataset compared with many human growth studies (e.g., Cole and Green 1992; Wei et al. 2006 ), basic statistical approaches were preferred. For each peer group, we first fit Weibull parameters (shape and scale) to the empirical height distribution at each measurement interval (i.e., ages 2, 5, 10, and 16) using the "fitdist" function in the MASS package (Venables and Ripley 2002) of R version 3.2.2 (R Core Team 2015). Next, we derived bootstrapped estimates (2000 iterations) of the shape and scale parameters along with 95% confidence intervals using the "bootdist" function in the fitdistrplus package (Delignette-Muller and Dutang 2015). Goodness of fit was assessed via the Anderson-Darling (AD) statistic using the "ad.test" function in the goftest package (Faraway et al. 2017 ) and visual inspection of cumulative distribution function (CDF) comparison curves. Finally, quantiles were estimated at each measurement interval using the "qweibull" function with the bootstrapped shape and scale parameters. Linear interpolation was used to plot trajectories between measurements.
Results
The best fitting Weibull parameters in almost all cases (64 out of 72) passed the AD test (p values > 0.05), suggesting that the parameter estimates effectively captured the empirical data distribution (Tables 1-3 ). In the eight cases with p values ≤ 0.05, visual CDF comparisons suggested that the lack of fit was minor for most (6 out of 8). In the remaining two cases (ages 10 and 16 for white oaks, protected backslopes; Table 3), the lack of fit was somewhat more noticeable, but there was little to no improvement using alternative distributions (gamma, lognormal) or removing Q. stellata (plausibly slower growing) from the peer group. The reference charts created from the parameters in Tables 1-3 are shown in Figs. 1-3 . These reference charts display the 10th, 25th, 50th, 75th, 90th, and 99th quantiles, but additional quantiles are readily obtained with the parameters in Tables 1-3 and basic statistical software.
The slope of all quantile lines tended to be positive through stand age 10 on both site-class reference charts (Fig. 1) . Though many reference lines were quite similar on both site types, by age 16, noticeable expression of within-site differences in developmental dynamics appeared to be underway. Some quantiles did not increase with age, while others increased at varying rates.
After age 10, height development was more limited on exposed backslopes than on protected backslopes.
The site class -species charts (Figs. 2 and 3) showed considerable overlap in the height distributions of many species groups, particularly early in stand development (through age 5) and in the low distribution quantiles (i.e., at the median or below). Both intergroup and intragroup differences in height development trends became more pronounced with stand age. For example, red oaks exhibited a broad distribution of heights, spanning 4.9 m and 13.1 m at ages 2 and 16 on protected backslopes, respectively. In contrast to the broad variation within red oaks (as well as white oaks, hickories, and other species), the sassafras, blackgum, maple, and dogwood species groups exhibited much lower intragroup variation in heights. For example, the measured dogwood heights distribution on protected backslopes spanned only 3.4 m and 7.6 m at ages 2 and 16, respectively.
An application
Consider the stem analysis derived height development of an example tree in Fig. 4 . At the time of sampling (2014) To demonstrate a cross-sectional assessment, the 5th-year height (3 m) of a tree on a protected backslope in a Missouri Ozarks clearcut is highlighted (diamond symbol) on the corresponding site classspecies reference chart in Fig. 4 . A height of 3 m at age 5 approximates the 75th quantile for white oaks on this site class. Without any additional field measures, it can be determined that the example tree was taller than about 75% of all white oaks on similar sites at the same age. Further, comparing the height of this example tree with those of other species groups via the site classspecies references indicates that on similar sites, about 20% of red oaks, hickories, or sassafras, 40% of blackgum or dogwood, 46% of maples, and about 10% of trees in the other species group would be taller at age 5. Can. J. For. Res. Downloaded from www.nrcresearchpress.com by USDANALBF on 12/03/17 Fig. 4 . Application of site class -species reference charts for assessment of height. A stem analysis derived height development pattern from a 19-year-old codominant white oak (Quercus alba) on a similar site (protected backslope) in the Missouri Ozarks is plotted to demonstrate a longitudinal assessment. To demonstrate a cross-sectional assessment, the 5th-year height of the example tree is highlighted (diamond symbol). Although this tree was in a favorable canopy position at the time of sampling (age 19), a longitudinal assessment suggests that before age 7, the height development of this tree was not exceptional for white oaks on similar sites. Moreover, through about age 6, this tree was between the 25th and 75th quantiles across all species groups, including the short-statured dogwood. However, after age 8-10 through age 16, an extant neighbor of many species had, at most, a 1% marginal chance of being taller than this tree. A nearby red oak would have had, at most, about a 15% marginal chance of being taller, while neighboring white oaks or hickories had, at most, about a 5% marginal chance.
Discussion
A clear advantage of reference chart methodology is the explicit focus on distributions rather than on averages or categorical conditions. The focus on distributions provides broad context for field-measured heights, allowing outlier detection relative to mainstream development trends for a given peer group, as well as quantitative assessment of an individual's stature independent of neighbors. Such assessments present opportunities to refine silvicultural applications in young mixed stands (e.g., precommerical thinning and crop tree release) by identifying release candidates based on antecedent species-specific performance in addition to, or perhaps despite, current relative stature among neighbors.
The focus on distributions when utilizing reference charts provides context for stand reconstruction techniques and creates opportunities for more comprehensive interpretations of developmental dynamics. A recognized shortcoming of stand reconstruction techniques has been the inability to account for the influence of trees that did not survive to be sampled. Reference charts can extend the inference obtained from stand reconstruction methods by providing comparative references for longitudinal data and quantitative information on temporal variation in early stand development patterns. A suite of reference charts creates a valuable framework for comparisons of intraspecific and interspecific development by examining the expected strength and duration of competition among species based on the degree of overlap and timing of divergences in their distributions. Such comparative examinations would suggest, based on mainstream trends, if and when one species might be expected to outpace another. For example, the species with more narrow height distributions in Figs. 2 and 3 are rarely (sassafras, blackgum, or maples) or never (dogwood) components of the overstory canopy in mature forests of the Missouri Ozarks, but given the considerable overlap in early height distributions, they are clearly capable of being a source of competition in young stands (Burns and Honkala 1990; Johnson et al. 2009) .
Interpretation of development patterns should be done with some caution. The quantile lines reflect the height distribution of a peer group at a given point in time rather than the distribution of growth. This seemingly minor distinction in stature vs. growth can have profound inferential consequences and has led to separate reference chart categories for stature and growth in the medical literature (Cole 1994; Wei et al. 2006) . To strengthen this distinction, recall the height development pattern of the white oak used in the application example. When the development pattern of this tree was plotted against the white oak site class -species reference chart (Fig. 4) , it appeared to exhibit extraordinary growth between stand ages 7-11, ultimately resulting in a much higher quantile assessment. However, this interpretation may be misleading as it cannot be determined from our stature-based charts if the growth displayed between ages 7-11 is atypical of what might be expected from other white oaks with a similar stature at the start of their 7th growing season. It should also be expected that an individual tree may cross quantiles as it develops. This is common in human growth assessments (Cole 1994) , and similar tree growth dynamics have been reported over the course of stand development (Dahms 1963; Rennolls 1978) .
Our reference charts were constructed with data from open populations rather than a finite number of individuals, and naturally occurring population changes (e.g., stochastic disturbances, mortality, late germinants) can influence the height distributions. Our reference charts, like many of the most widely used anthropometric reference charts (Kuczmarski et al. 2002; de Onis et al. 2007 ), were developed with multiple datasets pieced together and analyzed cross sectionally. Thus, latent differences in the combined datasets, as well as any other deficiencies in the data used to construct the reference charts, may influence both parameter and quantile estimates.
While Boulfroy et al. (2012) present a related application of reference values for diameter increment of Thuja occidentalis L., we note that quantiles reported from reference chart methodology conceptually differ from most others previously utilized for forestry applications (e.g., Stage 1973; Bohora and Cao 2014) . This is due to differences in the peer groups that the respective evaluations used for inference. Generally, the peer groups used by reference chart methods will represent a broader population that is derived from many individuals that share some common characteristic across multiple stands (e.g., site class and (or) species). In contrast, neighborhood or stand-level peer groups draw inference from a more restricted population and have no replication within a neighborhood or stand. Thus, the generality of that information will be a function of interneighborhood or interstand variance. This is not to imply that localized inference is invalid or subsidiary to the reference chart methodology. Both size and relative stature can influence growth in developing stands (Assmann 1970; Oliver and Larson 1996; Weiner 1990 ). Accordingly, combining reference chart quantiles with localized stature hierarchies may yield improved predictions of growth and mortality. We suggest that this is an area worth exploring as it may offer insight into the relative importance of individual growth and neighborhood competition on developmental processes.
